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ABSTRACT 

The effects of aging at 4o0°C on the resistive transition at 4.2°K 

of a· superconducting 70Zr-30Nb alloy are reported. Microstructural changes 

were studied by cri,tical temperature, resistiv~ critical field, residual 
i;ll' 

resistivity and microhardness measurements and by x-ray diffraction, optical 

.microscopy and replication electron microscopy. The result of the aging 

treatment is a fine array of ro-phase particles with a mean center to center 

0 

interparticle spacing of about 800A. At an aging time of 300 hr. the max.imum 

onset critical current density is reached. The particle size at the maximum 
0 

current density is about 420A. At times longer than 300 hr. effective 

particle impingement leads to lo•.ver onset critical current densities. 

*· A.D. Little, Inc., Cambridge, Nass. 
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INTRODUCTION 

A defect-free Type II superconductor in a magnetic field above Hcl 

cannot sustain a transport current perpendicula.r to the applied field 
• . 1~ 

vrithout poi·re:r _loss in the sa.;nple, This po1·rer loss. is due to flux line 

motion caused by the Lorentz force and is !Yl.anifested by a longitudinal 

voltage. 
4

-6 
\-then defects are present in the material, flux lines are 

pinned until the Lorentz force exceeds the. "pinning force''. That is, it is 

thought that flux lines reside in free-energy wells existing at the defects,· 

and the critical Lorentz force is that 1-rhich Hhen integra ted over distance 

will supply the free-energy difference necessary to move the flux line 
. . 8 

into a defect-free region of the superconductor.7' Critical current 

density measurements obtained from the onset of longitudinal voltage for 

a given magnetic field and temperature provide an indirect measure of the 

critical Lorentz force or the pinning strength of the defects. 

Various theoretical problems involving flux line motion and pinning 

have been investigated. Intrinsic resistance to flux line motion or 

"viscosity" has received some attention. 9-ll Flux line pinn:i_ng due to 

defects and the effect of defect spacing, extent and type have received 

1 'd t' 12 ess cons1 era 1on. The qualitative relation betw·een pinning strength 

and the microstructural defects involved is becoming well-established by 

experimental studies.l3-l7 This is particularly true in magnetization 

experiments where specific defects have been shown.to have definite 

18-20 effects. The inherent difficulty with magnetization experiments is 

due to the WL~nown magnetic induction and macroscopic current distributions. 

A definite relationship between critical current density as a function 

of magnetic field and defect structure cannot be readily established. 

Even in direct critical current density vs field studies the development 
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of a quanti ta ti ve relationship behreen microstructure and critical current 

density has been hampered because c:Jmpeting effects (e.g., cold 1-rork and 

pre;c]:pitation) have been involved. Also, metallographic analysis of speci-
~ ;·. ( ' 

men's .has proven difficult, .. especially for high-field m.aterials. ~lith this 

in mind '.ve have undertaken a study of a 70Zr-.50I1b solid-'solut ion alloy 

which is known to:> produce a very fine array of m-phase particles on low-

temperature aging. Well-annealed alloy strip \vas chosen as starting 

material so that the effect of this single process could be studied. 

Parallel determinations of superconductive properties and of micr-:>struc-

ture are.reported here. 

EXPER]}IENTAL PROCEDURE AND RESULTS 

A. Material Preparation 

The alloy (70Zr-30Nb) was made in a cold-mold arc furnace tmder a 

gettered inert gas atmosphere and was homogenized for 2 hr. at.920°C in 

high vacuum.. After having been cold rolled to a 6-mil (0.015 em) thickness, 

the alloy -vras sealed in an evacuated quartz capsule ( < 10-
6 

Torr) 1 re-

crystallized and further homogenized in the single-phase bee 'region of the 

phase dlligram at 920°C for 2 hrs. Following a water quench portions of 

the alloy were aged at 400°C for various times in evacuated quartz capsules 

in order to precipitate the m-phase. Specimens were 1 em long with 

approximately 0.015 em by 0.051 em cross sections. 

"' 

. . ' .... 

B. Property Measurements 

Specimen ends -vrere ultrasonically tinned with indium and then soft-

soldered to the copper current connectors of a specimen holder. Voltage . c 
connections were made by pressure contacts approximately 0.451 em apart. 

Specimens ·.vere inserted into a liquid helium de>-:ar · '\·:hich \\'as surrou."'lded 

by a pulsed magnetic ·field coil (rise time: approxim,tely 8 msec). Critical 

magnetic t'ield an).l critical. current density as a function of transverse 
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magnetic field vrere determined at 4 .2°K. The procedure involved pulsiP.g 

the magnetic field while maintaining a constant current in the specimen. 

The voltage across the specimen and the cux-rent through a previously 

calibrated pulsed-field coil were displayed simultaneously on a dual 

beam ?scilloscope and i·rere recorded i·rith high--speed Polaroid film. Thus, 

for various current density levels both the beginning (Jc 8) and the end 

(J eN) of the superconducting transition as well as the change of voltage 

with magnetic field were observed. 

Representative changes of the critical current density of the alloy 
,' 

for several aging t1fles are sho\m in Fig. la, b, c and d. These corre-
;,1,: 

spond to aging treatments at 400°C of 0 (unaged), 10, 300 and 600 hours, 

respectively. JcS designates the first appearance of voltage and JcN' 

the fully normal state as the magnetic field is increased. The small insets 

in Fig. 1 show schematically the variation of specimen voltage ivith time 

for various constant values of applied current density as ·~,.,rell as the · 

pulsed-field coil current as a function of time~ Minima in specimen voltage 

curves (Fig. la,b) indicate that the "peak effect" occurs for certain 

aging times. TI1e critical magnetic field (Table I) is taken as that field 

which leads to completely normal behavior (HrN) at low current densities 
. 2 

(about 20A/cm ) . 

The critical temperature shift (6T ) in zero m~gnetic field of the 
. c . 

aged specimens relative to the unaged specimen was determined with a 

calibrated, low.-tempera ture germanium resistor. The transition \vas traced 

by a standard four-point resistive method with a search current density of 

. 2 
less than· 1 A/em • Changes of the search current density by an order of 

magnitude in either direction resulted in negligible shifts of the transi-

tion curves. The variation of 6Tc ivith aging time. is shmm in Table I. 
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C. Metallurgical Studies 

Microstructural changes 'trere studied by X--ray diffraction, optical 
.',: ,•:. ', 

micro:$·c8py, diamond pyra.mid microhardness determinations, residual elec-

trical.fesistivity measurements, and carbon replication electron microscopy. 

Electron beam microprobe analysis indicated compositional homogeneity for 

all aging treatments, at least on the scale of the incident electron beam· 

(~ 1~ in diameter). 

X-ray diffraction studias were made with nickel-filtered copper Ka 

radiation in a scanning diffractometer. All specimens displayed strong 

bee lines; the lattice parameter for the unaged specimen, obtained by 

extrapolation to e = ¥' is ao == 3.500±0.00lA, which is in good agreement 

with published values. 21 No definite change in bee phase lattice para-

meters with aging time was discernible. Peak broadening. at the longer 

aging times, presumably due to strains resulting from the fine-scale 

precipitation, limited the accuracy of the bee lattice parameter deter-

minations to two decimal places. specimens aged 100 hr. or less exhibited 

bee ~-phase peaks only; those aged 300 hr. or more exhibited hexagonal 

w-phase peaks as·well as ~-phase peaks. The approximate lattice parameters 

of the w-phase as determined· from low-angle diffraction peaks are 
0 0 

c ~ 3.12A, a ~ 5.03A and c/a o.62o, in reasonable agreement with published 

22 values. Within the accuracy of two decimal places, no change in these 

values was noted for aging times of 300 to 1000 hrs. Diffraction lines of 

the hcp a-phase 1-rere not observed with any specimen. 

Optical microscopy indicated a clean, single-phase structure for the 

nnaged material. Aging of a recrystallized specimen for 1 hr. resulted in 

no detectable change. Treatments for 10 hr. and longer caused a very fine-

scale .precipitation with precipitate-free (nude) regions near the grain 

.. 
~. 

.. 
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boundaries and dense precipitate pe.rticle P?Pulations in the interiors 

of the grains. As aging time increased, the size of the nude regions 

near the grain boundaries decreased (Fig. 2a,b,c). 

Diamond pyramid microhardness (DPH) determi~~tions on metallograph-

ically prepared specimens indicated an increasing hardness >·rith aging . . 

time (Fig. 3). T'ne most significant increase occurs be.hreen 100 and 300 

hr.s. The shape of the microhardness curve is similar to· others for 

zirconium-rich Zr-Nb alloys.23 Residual (normal) electrical resistivity 

(Fig. 3) varies Hith aging time in a.n inverse manner to microhardness. 

This apparently reflP.cts a lower residual resistivity of the m-phase and, 
'!I!-

perhaps, partial zirconium depletion of the ~-phase. Microhardness and 

residual resistivity seem to indicate a continuation of the precipitation 

process idth increasing aging time, a fact which was not apparent from 

optical microscopy alone. Thus an effort was w.ade. to determine the size 

and distribution of precipitate particles as a function of aging time. 

It was intended that transmission electron microscopy be employed 

to resolve this problem •. Unfortunately, the non-unifor.n. response of the 

specimens to chemical or electrolytic polishing prevented the preparation 

of suitable thin sections. Preparation of carbon replicas of electro-

lytically polished and etched surfaces proved somewhat more successful, 

and the structures for the 100, 300 and 6oo hr. aging treatments were 

delineated, although only that for 300 hrs. could be seen quite clearly. 

The regular array of the precipitate particles after 300 hrs. of aging 

is striking (Fig. 5a,b). For 100 hrs. the average interparticle, center 
.0 . . 

to center spacing is about 810A and the average particle diameter is less 

than 330A. For 300 and 600 hrs. the a~erage interparti~le spacings are 

0 
about 800·and 790A, respectively, and the average particle diameters are 
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about 420 and 480A, respectively. Thus,~ the. particle spacing r·emains 

almost constant, but the si~e of the particles increases vri th aging time. 

DISCUSSION 

Of the superconductive properties studied only critical current density 

varies strongly with aging treatment. Within the accuracy of the deter-

mination, critical field (HrN) remains constant (Table I). The onset 

critical field (HrS), hm·rever, is slightly decreased at the longest aging 

times (Fig. ld). This may be indicative of zirconium-depletion in the 

matrix 13-phase surrounding the ill-phase particles. In support of this 

interpretation is the observation that critical temperature is increased 

for the two longest aging times (Table I). 24 

Onset critical current density is knmm to be sensitive to metallur

gical structure.l3-l7 As shown in Fig. la,b,c, and d, J S increases c \ 

rapidly for the shorter aging times (10 hrs. or less), while the end of 

the transition (JcN) remains almost invariant. For the longer aging times 

JcS and JcN have the same trend, both passing through a maximum at 300 hrs. 

The rapid rise and fall of JcS is accompanied, however, by lesser relative 

changes in JcN" The cause of the variation of JcN is uncertain. On the 

other hand, the variation of JcS can be understood in terms of flux line 

4-7 pinning. 

Variation of the Lorentz force pinning parameter, a= .IBxJc
8

1-=- Jc
8

H, 

with aging time is shown in Fig. 4. It is apparent that for aging times 

betvreen 100 and 6oo hrs. a significant enhancement of flux line pinning 

results, relative to. that for the unaged naterial. The maximum value of a 

found in this study is about L68xl05kG • A/cm2 for 300 hrs. at 400°C. 

T'ni~ result suggests that for a single precipitatio:r: process there must 

be an optimu..m precipitate particle· size which ,,.rill lead to a rr~x:!.mum J cS. 
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An understanding of the microstrt~c-i:;!.'.re is Eec-ess?.:'~/ for explaining. 

the observed superconductive prcrperti·cs. · 'l'herefore, b. c.ric:;f discussion 

of the possible solid-state transformations· follows. 'Limited data exist 

on the athermal f3 -> illtf3 transformation temperature as e • . i'·unction of 

22 
composition for Zr-Dfu alloys. An extrapolation of these data to 30% 

niobium indicates that a 70Zr-30Nb alloy should not undergo the diffusion-

less transformation even down to liquid helium temperature. Renee, pre-

existing nuclei l·rill .. not be present prior. to aging, a!1cL.the materials · ··. 

studied. will not suffer a11y structural· charo&es bet'\-reell' Toom temperature 

and 4.2°K. Nevertheless, because of the tendency to form a faulted 

structure and because of the simple crystallographic relationship between 

the f3- and ill-structures, it is likely that the interphase .surface energy 

barrier to nucleation -will be smalL. This . .appears to.:be substantiated 

by tb.e . ...fine-scale, apparent~ homogeneou;..c: nucleation 1d:Jich is responsible 

for the precipitate arrays ·sho'.m in .Figs ... ~:-2 ·.'and>5. 

In a study of .an 85Zr-15Nb ·u1.'1o)';25 it was sh mm that 'the f3+ill faulting 

which resulted from .4uenching did not • lead to a high onset critical current 

density, but subsequent· isothe,rmal aging at 400°C did~ 'LikeHise, in the 

work reporte.d here-the 1.·e:mlts niust be .... interpreted ixr terms of the precipi-

tation and. growth -vrhich occur· as aging time increases .. ' Two primary effects 

are noted: first, the particles. in .the interiors .of the grains grow, and 

second, the nude regions next to-the grain boundar:i.es·clecrease in extent. 

At first sight, the latter might be used to explain the behavior of JcS as 

a function of aging time: the regions of lmv resist.9;Th~e to fluX: line 
... 

motion are decreased in size as aging time· increases.> -~·No doubt this has 
. . 

some importance, but it would not indicate th-C' decreS:se in oi realized at 

the longest aging times employed. It is more likely.tha t the size of the 
... •. 
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m-phase particles in the grain interiors has primary importance, since 

this.rather than their center to center s~acing is 'tJhat changes 1-rith 
•'.;/'~ 

aging ti~~-'' ; A comparison of particle size' and spa cin.g vri th the computed 
~· . 

area per fl1.L'-{ line at several magnetic fields is given in Table II. This .. 

data suggests that a distribution of particles eachhaving an area about 

tvro to four times that of a flux line and occupying (in the aggregate) 

about 20C/o of a cross -section provide effective pimi±ng. The geometrical 

distribution of particles is pr.obably important also, but is fixed here. 

Because the. particles. ar.e arrayed in a regular manner,· but npt uniformly 

(Fig. 5), it is .likely that for very long aging times they effectively 

impinge upon one another, along rmrs and thus provide channels .for easy flux .. 

line motion. This is the most plausible explanation for the behavior of the 

specimens aged for 600 and 1000 hr. Optical metallography indicated. no 

significant structural change for these specimens relative to the one aged. 

for 300 hr. However, surface replicas of the 600 hr specimen vie'.-red vlith 

an electron microscope tended to support the idea that rows of m-phase 
I 

particles effectively impinge. 

Pinning models which utilize barriers either independent of magnetic 

field or decreasing in the same manner as the free energy difference be-

t,;·reen the normal and mixed states lead to a considerably more rapid decrease 

in JcS with H than is found for the specimen aged 300 hr. That is, the . 
l 

slow decrease in J 8 with H (Fig .. lc) is indicative of a pinning barrier ~· . c 

which increases slightly as H increases, as would be expected if local 

· composition gradients are produced. Either the effective number of pinning 

sites increases with field or the effective size of existing pinning sites 

increases ''ith field. At the longest aging times, Hhere impingement of the· 

m particles decreases their effectiveness in pinning, composition gradients 

.•!'! 
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are spread over longer distances, thus decreasing their effectiveness. 

CONCLUSIONS 

Isothermal aging at lovr temperatttre 
... . 
provldes a useful ':ray to study 

the effect of a single precipitation process on the flux line pinning 

strength of high-field superconduc:Dive alloys. It is fotmd that, for a 

constant ill-phase particle dispersion in the interiors of grains of a 

70Zr-30Nb alloy, th2 onset critical current density increases as ill-phase 

particle size increases QDtil effective impingement of the ill particles 

occurs. At the same time that ill-phase particles are grm·ring, the extent 
' 

of the nude regions(;,next to grain ·boundaries decreases in size due to the 
~w~ . . . 

onset of precipitation in the regions continguous to the precipitate 

.areas. This additional precipitation presumably contributes to the 

observed increase in J cS' as well. Negligible changes in HrN indicate 

that no gross composition changes occur in the .matrix, yet slight changes 

in HrS and in Tc may correspond to zirconium-depletion of the rratrix 'region 

around ill-phase particles. The composition gradients thus set up probably 

add to the pinning strength exhibited by the alloy. 

Because of the composition gradients and the effective particle 

impingement at very long aging times, a quantitative relationship betvreen 
' ' 

pinning strength and microstructure could not be obtained. An experiment 

to obtain such a relationship must involve a.material for which composition 

gradients are minimized and not only particle size but also_particle 

distribution can be varied. Such an investigation is currently under vray. 



-10- UGRL-16657-Rev 

ACKNOWLEDGMENTS . 

The authors wish to thank Dr. Kurt Ken~edy for assistance with the 

experimental phase of this work, Dr. Robert G. Boy.d for helpful discussions, 

Mr. Georges Brun for performing the electron microscopy, Mr. Donald Wixson 

for performing the optical metallography, and Professor Marshal F. Merriam 

for critically reading the manuscript. 

This work was supported under the United.States Atomic Energy 

Commission through the Inorganic Materials Research Division of the 

Lawrence Radiation Laboratory. 



-11- UCRL-16657-Rev 

Table I. Critical temperature shift (6T ) and 
c 

resistive crit:i,cal field (HeN) of aged 

70Zr-30Ifo. 

Aging t:Lme (hr) 6T ( °K) c Hcl'T(kG) 

Unaged 89 

1 -0.1 85 

10 0 84 

100 -0.2 84 
~·I . 

200 li{ 1,/, 86 

300 0 87 

6oo +0.6 88 

'.1000 +0.9 86 
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Table II Flux line areas and (.l)-phase particle· sizes 

H(kG) 
* <P 2 . 

.Area per flux line H 
0 

( 1-L ) 

20 

30 

]+o 

50 

60 

'· .. 
lOxlo-4 

6.67x1o-4 

5xlo-4 

4xlo-4 
. ;_4 

. 3 .33xl0 

* ct> = 2xl0-7 G cm2, the flux quantUlll. 
0 

Average total Average area of 
Aging time area per particle ah (.l) particle 

(hr) (IJ.2) . 
~ d2c~P) 

100 6. 5Xl0 -3 . 4 
(<8.6xl0- ) 

300 6.4xlo-3 13 .9xl0-
4 

6.oo 6.3Xl0-3 :.18 .lxlO - 4 

. · : ·. . ~ :-: 

: J, ·• 

,. 
. . . ·. . . . 

Area fraction 
occupied by 

.· (.l) particles 
(%) 

(<13) 

22 

29 

)i · .. 

• •lr,-

,; ·. 

"·'. 

.. · .. 

·. 
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FIGURE CAPTIONS 

The critical curr.ent densities, J S and J ·:r,r vs magnetic . . c c ~ . 

field, H, and the resistive transition behavior with magnetic 

"fields for constant current densities. (a) The u.n.aged 

speciroe~, as-quenched from 920°C, (b) the specimen aged for 

10 hr at 4o0°C, (c) the specimen aged for 300 hr at 4o0°C1 

and .(d) the specimen aged for 600 hr at 400°C. 

Optical micrographs of 70Zr-30}Th alloy quenched from 920°C1 and 

(a) aged for 100 hr at 400°C, (b) aged for 300 hr at 400°C, 

and (c) aged for 600 hr.at 400°C. 2000x 

The variation of diamond pyramid microhardness (DPH) for 

100 gm load .and of residual. resistivity, p, at 4.2°K with 

aging time. 

The variation of the Lorentz-force parameter, a, at H = 40 kG 

with aging time. 

Carbon replication micrographs of 70Zr-30J:qb alloy quenched 

from 920 °C and aged for 300 hr at 4oo °C. a) 12, ooox, and 

. b) 48,ooox. 
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BBH 6 72 - 22 

Fig. 2a 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

. A. Makes any warranty or representation, expressed or. 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the us~ of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor preparesr disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




